Quartz is the most frequently used piezoelectric material. Single crystals are industrially grown by the hydrothermal route under super-critical conditions (150 MPa-623 K). This paper is an overview of the hydrothermal crystal growth of the AO 2 and MXO 4 α-quartz isotypes. All of the studies on the crystal growth of this family of materials enable some general and schematic conclusions to be made concerning the influence of different parameters for growing these α-quartz-type materials with different chemical compositions. The solubility of the material is the main parameter, which governs both thermodynamic parameters, P and T, of the crystal growth. Then, depending on the chemistry of the α-quartz-type phase, different parameters have to be considered with the aim of obtaining the basic building units (BBU) of the crystals in solution responsible for the growth of the α-quartz-type phase. A schematic method is proposed, based on the main parameter governing the crystal growth of the α-quartz phase. All of the crystal growth processes have been classified according to four routes: classical, solute-induced, seed-induced and solvent-induced crystal growth.
Introduction
Hydrothermal growth is a natural process and occurs in the Earth's crust. Originally, this term was used to describe the dissolution of rocks and minerals by water, under elevated pressures and temperatures, and the crystallization of various inorganic phases. Beryl, calcite, and quartz are the well-known large crystals, which are extracted from the Earth. Due to the interest in such materials, the hydrothermal technique was used to produce industrially synthetic materials, like quartz, for electronic applications [1, 2] . Synthetic beryl and calcite single crystals have also been grown hydrothermally [3] [4] [5] [6] . The term hydrothermal is now used to describe crystallization processes using aqueous solvents in a closed vessel. Based on this approach, sub-or super-critical conditions have been used in the vessel, depending on the solvent. This paper presents a review of the hydrothermal synthesis of the α-quartz phase in A IV O 2 (A = Si, Ge) and M III X V O 4 (M = Al, Ga and X = P, As) compounds. The α-quartz type structure belongs to the P3 1 21 or P3 2 21 space group. AO 4 (A = Si and/or Ge for SiO 2 , GeO 2 or Si 1−x Ge x O 2 ), MO 4 , and XO 4 (for MXO 4 ) tetrahedral units are connected, forming a helical chain along the c axis ( Figure 1 ). The α-quartz phase is stable at room temperature for all of the compounds except for GeO 2 , for which the α-quartz phase is stable at high temperatures from 1306 K up to the melting point at 1388 K (Table 1) : the α-quartz-type phase of GeO 2 is a thermodynamic metastable phase at phase at room temperature. The stable phase of GeO2 under ambient conditions is a rutile-type phase, in which the germanium is 6-fold coordinated. 
Compound Phase Transitions
SiO2 α-Quartz 
Hydrothermal Crystal Growth
Following the initial work of Gibbs [7] in 1878, and then that of Frenkel [8] in 1945, Burton, Cabrera, and Frank [9, 10] studied the growth of a real crystal from the vapor phase. Thermodynamic equations have been established, which describe the crystal growth from a structural defect, like a screw-type dislocation. Numerous authors [11] [12] [13] have applied this theory to growth from solution. Cabrera and Levine [14] extended this approach to dissolution, which is the reverse phenomenon with respect to crystal growth. All of these studies were reconsidered by Johnston in 1962 [15] . Basically, in crystal growth from solution, the solute crystallizes when the concentration of the solute becomes higher than the concentration at equilibrium, termed solubility. The solubility is the main parameter for growing crystals from solutions. Hydrothermal crystal growth corresponds to crystal growth from solution in a closed vessel. Temperature and pressure are two important thermodynamic parameters, which have to be adjusted according to the solvent used. The first step is to find the adequate thermodynamic conditions for obtaining a good reactivity of the solvent with the solute. Then, for growing crystals of high quality, the experimental conditions have to be adjusted to modify the kinetics of the exchanges between the solid phase and the solvent. By using hydrothermal techniques, thermodynamic-stable and metastable phases can be grown. The main experimental parameters, which can be adjusted are the solvent, the presence or absence of a nucleus (or seed) and both thermodynamic parameters, P and T. 
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One of the most important questions, which has to be solved before starting a hydrothermal process, is the choice of which pressure domain the crystal growth process will be performed in. To answer to this question, the ability of the solvent to dissolve the chemical precursors and to recrystallize the desired phase has to be considered. In a polar solvent like aqueous solutions, the dissolution process forms ionic species in solution and crystallization is due to the condensation of the ionic species to form a new crystal. In pure water (pH = 7), H + and OH − species are present with a concentration of 10 −7 M.
Hydrothermal Growth of
In the Earth, crystal growth of quartz occurs in water, which acts as the solvent under hydrothermal conditions. In the supercritical state, water is more aggressive due to the decrease in its ionic product [16] and the growth of quartz single crystals can take place, but with very slow kinetics. For the industrial production of quartz crystals, sodium hydroxide [17] or carbonate solutions [18] are used as mineralizers in order to increase the dissolution and the crystallization rate. Pure α-quartz SiO 2 (x = 0) is the material used by Pierre and Jacques Curie in their discovery of the piezoelectric effect. From 1940, the industrial demand for quartz rapidly increased in the world and industrial processes of hydrothermal growth were developed [19] [20] [21] [22] [23] . Subsequently, quartz material has been widely used for various electronic applications, like ultra-stable oscillators for space applications, which require quartz single crystals of very high crystalline quality. Numerous works have been devoted to improving the quality of the crystals [17, [24] [25] [26] [27] [28] [29] [30] [31] . Nevertheless, its intrinsic performances are limited at high temperatures, due to the presence of the α-β phase transition. A study of the instantaneous structure of quartz by total neutron scattering has shown that the gradual loss of the piezoelectric properties, starting at 523 K, is due to an important increase in dynamic disorder at high temperature [32] .
Over the past thirty years, scientists have been trying to replace quartz with materials that have better piezoelectric properties. Several years ago, studies were performed with the aim of modifying the chemistry of quartz and improving the piezoelectric properties. In these materials, a linear dependence between the piezoelectric efficiency (electromechanical coupling coefficient k) and the structural distortion was found, described by the inter-tetrahedral bridging angle θ [33] [34] [35] [36] . Recently, studies based on DFT calculations have determined the origin and mechanism of the piezoelectric effects in the α-quartz family. Another criterion based on the elastic compliance constants, rather than the degree of distortion, has been proposed to classify the α-quartz-type compounds according to their piezoelectric efficiency (Table 2) [37, 38] . Due to a compatible size of the ionic radius (R(Si 4+ ) = 0.26 Å and R(Ge 4+ ) = 0.39 Å), Germanium atoms have been introduced in the quartz network by substituting Si with Ge atoms [39, 40] . An experimental phase diagram was determined by Miller [41] , under a pressure of 70 MPa. The highest molar percent observed in the quartz phase is 31%, at 973 K. Beyond this value, phase separation occurs and a pure rutile phase of GeO 2 appears. Based on this data, Ge-substituted quartz crystals with the α-quartz structure have been grown under super-critical conditions using Ni-Cr-based alloy autoclaves. Different parameters (nutrient, solvent, temperature, pressure) have been studied and centimeter-sized single crystals with a maximum value of x = 0.23 have been obtained [42] . The mechanism of dissolution under hydrothermal conditions (up to 150 MPa and 475 • C) was studied by in-situ X-ray absorption at the Ge K-edge [43] . The local structure around Ge atoms was found to be a 4-fold coordinated environment. In pure H 2 O solvent, Ge(OH) 4 (aq) species are formed, while in NaOH aqueous solution, GeO(OH) 3 − species are produced, which are at the origin of the precipitation of relatively insoluble sodium germanates Na 4 Ge 9 O 20 , reducing the degree of Ge-substitution in the crystals. To avoid this phenomenon, the NaOH concentration of the solvent was reduced to 0.05 M and a dissolution temperature of above 723 K was used, allowing the nutrient to be dissolved, even if it transforms in the rutile phase. The α-quartz-type crystals were then studied by Raman scattering [44] . The Raman shift of the coupled A 1 mode at 464 cm −1 for pure quartz was found to be a linear function of the Ge-content. Moreover, it was shown that the dynamic disorder observed in quartz well below the α-β quartz phase transition is greatly reduced by Ge-substitution in the crystalline network. As a result, the phase transition temperature increases from 846 K for x = 0 to 1300 K for x = 0.24. The hydrothermal method has then been applied in bigger autoclaves in order to grow larger single crystals (10 cm along the y-axis) [45] . Resonators have been manufactured from crystals with x = 0.0375 and in pure α-quartz (x = 0) for comparison. Piezoelectric measurements have shown that the piezoelectric signal remains measurable after annealing up to 818 K for pure SiO 2 , and up to 908 K for an Ge-substituted crystal with x = 0.0375. This result is in agreement with the previous Raman [44] study and the decrease of the dynamic disorder by substituting Si atoms with Ge. Non-linear optical properties have been also measured by using the Maker's fringes method. The non-linear optical coefficient χ 11 (2) increases with Ge-substitution: χ 11 (2) = 1.3(2) and 1.6(2) pmV −1 for x = 0.023 and 0.028, respectively, in comparison to 0.67 pmV −1 for pure quartz (x = 0). By growing a SiO 2 -GeO 2 mixed α-quartz-type phase, 4-fold coordination of germanium was stabilized in an alpha-quartz phase. The hydrothermal process is performed in the (P, T) stability range of the SiO 2 α-quartz phase and the quartz-seeds are also stable under these conditions. In the case of GeO 2 (x = 1), there have been a few publications on hydrothermal crystal growth. Different solvents were studied for dissolving the α-quartz-type phase of GeO 2 : H 2 O [46] and different aqueous fluoride solutions [47] . In 1972, the crystal growth of the α-quartz phase of GeO 2 in its metastable domain, by the hydrothermal route, was carried out [48] . The gradient method was used with {0001} and {0111} quartz-seeds. The nutrient was a crystalline or amorphous powder and water was used as the solvent. Crystal growth is rapidly limited by the transformation of the nutrient to the stable rutile-type phase, which is quite insoluble under these conditions. The crystals obtained were of poor quality. In order to increase the solubility, different mineralizers (NH 4 F, NaOH, LiF, LiCl) were added in solution [49, 50] . In spite of an improvement in the transport of the chemical species, the nutrient was transformed to the relatively insoluble rutile phase of GeO 2 . To avoid the phase transformation of the nutrient, a new refluxed method [51] of growth was developed, which consists of generating in the autoclave successive recirculation of the solution. In this way, the nutrient of soluble α-quartz GeO 2 is not permanently in contact with the solution and the nutrient does not transform into the relatively insoluble rutile-type phase. Crystals were grown to a sufficient size (a few cm) in order to measure their physical properties, but the high -OH content in the crystals prevents their use in piezoelectric device applications. 
AlPO 4 Single Crystals
Synthetic single crystals of berlinite were grown for the first time by Jahn and Kordes in 1953 [54] . In 1976, with the development of the telecommunication techniques, AlPO 4 single crystals became of high interest, because of their better piezoelectric properties, when compared to those of quartz [55, 56] . It was even said that "berlinite could replace quartz". Numerous studies have been devoted to berlinite crystal growth [57] [58] [59] [60] [61] . In 1983, Chai developed a technique of seed lengthening by gluing. Large crystals (10 cm) were grown in H 3 PO 4 acid solvent, at temperatures lower than 473 K and low pressures (less than 20 bar), and by using a slow temperature increase. The process was protected by a US patent [62] . At the same time, new conditions of AlPO 4 crystal growth were studied in 4.5 M H 2 SO 4 solvent at a laboratory scale (T = 503 K, P < 2 MPa), by using a reverse temperature gradient [63, 64] . High quality single crystals were obtained with lower -OH impurities and dislocation content [65] . This can lead to the development of new electronic devices, like resonators and filters [66, 67] . For high frequency Bulk Acoustic Waves (BAW) filters, a controlled dissolution process of berlinite wafers was investigated. On the basis of the Burton Cabrera and Franck theory [10] , applied to the dissolution mechanism [14] , dissolution by using slightly under-saturated acidic solutions has been studied, leading to smooth surfaces without superficial defects, like etch pits [68] [69] [70] . Due to the difficulties in transferring the laboratory conditions of crystal growth to an industrial scale and due to the disappearance of the AlPO 4 dedicated application (IF filter for the mobile wireless technology), the industrial development of berlinite crystal growth was abandoned.
GaPO 4 Single Crystals
From 1990, GaPO 4 has been studied extensively because of its similar crystal growth process to AlPO 4 . Moreover, GaPO 4 was a very promising material with high expected piezoelectric properties. Different solvents were used: H 3 PO 4 , H 2 SO 4 , and mixtures have been the most studied [71] [72] [73] [74] [75] [76] [77] [78] . As for AlPO 4 , the solubility of GaPO 4 is the reverse below 673 K. A seed lengthening process has been developed by splicing [79] . Structural defects like dislocations have been reduced by growing crystals successively along crossed directions [80] . It was shown that the -OH content is reduced with low concentrated acid solution and at temperatures of crystallization higher than 673 K. GaPO 4 has been tested for manufacturing resonators and wide band filters [81] . As for AlPO 4 , a wet chemical-controlled dissolution process has been developed. Very smooth surfaces (Ra = 0.02 µm) have been obtained by using a basic solvent [82] . One of the most important benefits of GaPO 4 is the thermal stability of the piezoelectric α-quartz phase up to 1206 K. GaPO 4-based resonators have been measured up to 1073 K and no degradation of the electrical parameters was observed below 973 K [83] . The instantaneous structure of GaPO 4 has been studied by total neutron scattering and the high degree of dynamic disorder above 973 K was linked to the decrease of the piezoelectric properties [84] . From 1997, GaPO 4 was industrially developed by the AVL-Piezocryst Company in Austria [85, 86] for pressure sensor applications at high temperature in combustion engines and turbines. Very large crystals (7 × 15 × 7 cm) are grown from epitaxy on quartz-seeds [87] and by using a reverse temperature gradient.
GaAsO 4 Single Crystals
The structure of GaAsO 4 was refined by neutron and X-ray diffraction, from 15 K to 1073 K [88] . This study demonstrated the high thermal stability of the α-quartz phase with the highest degree of structural distortion in α-quartz materials leading to the prediction that GaAsO 4 would have the best piezoelectric properties in this family. Single crystals were grown for the first time by hydrothermal methods by using 11.5 M H 3 AsO 4 as the solvent. High quality crystals with well-defined faces were obtained by nucleation [89] . The OH-defect content was quantified by infra-red spectroscopy, confirming the high crystalline quality of the material, thereby allowing the first physical characteristics, like the free-stress dielectric constants of GaAsO 4 , to be measured (ε 11 = 8.5, ε 33 = 8.6). Based on these first results, the electromechanical coupling factor was estimated to be 22%, the highest value in the α-quartz family by using the linear dependence between the electromechanical coupling factor k and the inter-tetrahedral bridging angle mentioned above. The first piezoelectric measurements on a centimeter-sized single crystal confirmed that gallium arsenate is the highest-performance piezoelectric material among α-quartz-type materials. Moreover, thermal gravimetric analysis, coupled with X-ray diffraction as a function of temperature, showed that GaAsO 4 with the α-quartz structure is stable up to 1303 K [90] . Total neutron scattering experiments, Raman spectroscopy and theoretical DFT calculations have shown that the absence of libration modes of the tetrahedra limits the dynamic disorder and show that GaAsO 4 could be of high interest for piezoelectric applications at high temperatures [91] . Elastic constants have been measured by Brillouin spectroscopy [92] . The crystal growth process has been reviewed with the aim of increasing the crystal size by epitaxy on large seeds [93] . A new method was developed to synthesize the GaAsO 4 nutrient from GaAs as the starting material in a sulfuric acid solvent under oxidizing conditions. Centimeter-sized single crystals were grown from oriented GaPO 4 and AlPO 4 seeds. The role of the nature and orientation of the seeds and the influence of the solute supply on the growth rate were studied. Crystals of high quality were obtained with a low value of the infrared absorption coefficient α at 3300 cm −1 (α = 0.067 cm −1 ), indicating a low -OH impurity content in the crystals. UV-vis-NIR spectrophotometry measurements on these crystals exhibit the highest value of birefringence in the α-quartz group with ∆n = 0.033. The measured bandgap is 5.85 eV. Piezoelectric properties were measured on resonators. An electromechanical coupling coefficient of 20% with a quality factor of 3.2 × 10 10 was obtained and the C 66 elastic constant was found to be 20 GPa. Finally, first-principle calculations of the second-order nonlinear optical properties of GaAsO 4 , combined with measurements of its second harmonic generation (SHG) using the technique of Maker fringes, show that GaAsO 4 has a SHG efficiency between 7.1 (LDA) and 12.3 pm/V (GGA), which is in agreement with the experiments (7.5 ± 1.5 pm/V). Moreover, the high laser damage threshold (0.93 GW/cm 2 ) makes α-quartz-type GaAsO 4 a bifunctional material for high temperature piezoelectric and for high power laser SHG applications [94] .
α-quartz FePO 4
Hydrothermal crystal growth of α-quartz FePO 4 was never successful. Numerous studies [95] [96] [97] [98] described the use of acidic solutions containing Fe 3+ and PO 4 3− ions, but the phases obtained were hydrated phases of phosphosiderite, with a strengite-type FePO 4 ·nH 2 O composition and giniite, Fe 3 (PO 4 ) 2 (OH) 2 ·nH 2 O. After heating these phases at 873 K, they transform to the α-quartz phase of FePO 4 [97] [98] [99] . FePO 4 with the α-quartz structure was studied by Raman scattering [100] .
The interest in developing solid solutions is to design materials, which have tunable physical properties that depend on the chemical composition (x). Al 1−x Ga x PO 4 Solid solutions exist between AlPO 4 and GaPO 4 [101] [102] [103] [104] . Al 1−x Ga x PO 4 powders were synthesized by hydrothermal methods. Solutions of AlPO 4 and GaPO 4 in sulfuric acid were initially individually prepared and then mixed together in a different ratio, due to differences in solubility, placed in a Polytetrafluoroethylene-lined autoclave and then heated in order to induce crystallization [105] . In this case, sulfuric acid is a common solvent for the two end-members of the pseudo-binary, which is a favorable condition for inducing nucleation and crystal growth. The instantaneous structures of Al 1−x Ga x PO 4 solid solutions were studied as a function of temperature and chemical composition (x) [106] . It was shown that the dynamic disorder in the oxygen sub-lattice decreases with the Ga-content.
The α-quartz phase of FePO 4 has never been directly synthesized under hydrothermal conditions, due to the six-fold coordination of the Fe 3+ ions in solution. One of the motivations to synthesize Ga 1−x Fe x PO 4 -mixed crystals is to induce the crystallization of an α-quartz phase with four-fold coordinated iron atoms, from solutions under hydrothermal conditions. As for Al 1−x Ga x PO 4 , different amounts of FePO 4 ·2H 2 O and GaPO 4 powder were dissolved in 5 M H 2 SO 4 , for 48 h. The solution obtained was then heated in a PTFE-lined autoclave at 230 • C for~10 days. After rapid cooling, single crystals were obtained [100] . The highest value of iron content was x = 0.11 [107] . The mechanism of crystal growth was studied by in situ X-ray absorption spectroscopy (XAS) at the Fe K-edge [108] .
It was shown that the crystallization of pure α-quartz-type FePO 4 is not possible due to the high stability of the hexa-aqua complexes [Fe(H 2 O) 6 ] 3+ without any FeO 4 entities. In the presence of Ga 3+ ions in solution, the growth of a mixed phase of α-quartz-type Ga 1−x Fe x PO 4 is possible with x up to 0.23. A mechanism was proposed based on the formation of mixed (iron/gallo)-phosphate complexes at the solid-liquid interface, which are at the origin of the nuclei for crystallization. In this way, the 4-fold coordination of Fe 3+ is chemically induced by the presence of Ga 3+ cations in solution (solute-induced crystal growth).
General Discussion about Hydrothermal Crystal Growth Conditions
Various conditions need to be selected for hydrothermal growth of α-quartz phases of AO 2 and MXO 4 materials. A schematic summary of different conditions is given in Figure 2 . Thermodynamic P-T conditions first have to be determined to ensure the dissolution of the material. This step defines the type of the autoclave required (LP/LT or HP/HT autoclave). Then, different parameters have to be taken into account, according to the type of crystal growth. 
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Classical crystal growth:
In the case of nucleation, the crystal growth is only due to the species present in the solution. To obtain nuclei of the desired structure in the solution, the basic building units of the crystal have to be present in the solution. This is the most common case for thermodynamically-stable phases, where the crystallization and the dissolution phenomena occur. Pure phases (SiO2, AlPO4, GaPO4, GaAsO4) and solid-solutions (Al1−xGaxPO4) can be grown by nucleation in the same solvent.
Solute-induced crystal growth: For chemical elements, which do not adopt the basic building unit of the structure of the crystal in the solution, it is impossible to grow a pure phase. This is the case of α-quartz-type FePO4, which has never been directly crystallized under hydrothermal conditions, because Fe 3+ ions are 6-fold coordinated in aqueous solvent and only hydrated phases are obtained. Classical crystal growth: In the case of nucleation, the crystal growth is only due to the species present in the solution. To obtain nuclei of the desired structure in the solution, the basic building units of the crystal have to be present in the solution. This is the most common case for thermodynamically-stable phases, where the crystallization and the dissolution phenomena occur.
Pure phases (SiO 2 , AlPO 4 , GaPO 4 , GaAsO 4 ) and solid-solutions (Al 1−x Ga x PO 4 ) can be grown by nucleation in the same solvent.
Solute-induced crystal growth: For chemical elements, which do not adopt the basic building unit of the structure of the crystal in the solution, it is impossible to grow a pure phase. This is the case of α-quartz-type FePO 4 , which has never been directly crystallized under hydrothermal conditions, because Fe 3+ ions are 6-fold coordinated in aqueous solvent and only hydrated phases are obtained. To force Fe 3+ into a 4-fold coordination, it is necessary to add a 4-fold coordinated element like Ga 3+ into the solution. In this way, only solid-solutions such as Ga 1−x Fe X PO 4 are obtained. Nucleation can be termed a solute-induced crystal growth process. Moreover, it is impossible to obtain nuclei of a thermodynamically-metastable phase. This is the case for the α-quartz phase of GeO 2 . Crystals of α-quartz GeO 2 are only obtained by epitaxy (see below).
In the case of the crystal growth from a pre-existing seed, termed epitaxy, the seed could be of the same composition and structure of the crystal, termed homo-epitaxy, or of different composition and structure, termed hetero-epitaxy. Homo-epitaxy is the most common case. This process is the step after the classical nucleation step in the same solvent described above. This is the most favorable case for obtaining large single crystals without structural defects like twins, cracks, or dislocations. All crystal growth processes tend towards this case.
Seed-induced crystal growth: In the case of no pre-existing seed, hetero-epitaxy has to be developed, since nucleation is impossible. This is the case for α-quartz GeO 2 growth, where crystals were grown by hetero-epitaxy on α-quartz SiO 2 seeds. The crystal growth can be termed seed-induced crystal growth. Indeed, for all hydrothermal conditions tested, the α-quartz-type GeO 2 phase grows only on the quartz-seeds, while GeO 2 transforms rapidly to the rutile phase in the other parts of the autoclave [109] . In the case of Si 1−x Ge x O 2 solid solution, the crystal growth is performed at HP and HT (T > 723 K), enabling the dissolution of GeO 2 even if it transforms to the rutile phase. In this way and due to the presence of α-quartz SiO 2 seeds, the crystal growth of α-quartz-type Si 1−x Ge x O 2 is possible.
Solvent-induced crystal growth: The hetero-epitaxy process is also used when the pre-existing seeds are too small. This is the case when growing very large GaPO 4 crystals for industrial applications. The hetero-epitaxy process has been developed from large pre-existing α-quartz SiO 2 seeds. To perform this kind of process, a mixed solvent has been used by adding fluoride ions into the GaPO 4 solvent, in order to induce a small amount of dissolution of the SiO 2 seeds, before the start of the growth of the α-quartz-type GaPO 4 phase. In this case, the crystal growth of GaPO 4 on quartz-seeds is induced by the solvent (solvent-induced crystal growth).
Conclusions
All of the different studies on the hydrothermal crystal growth of the α-quartz phase of A IV O 2 (A IV = Ge, Si) and MXO 4 (M = Al, Ga, Fe and X = P, As) compounds allow us to review the different conditions of hydrothermal crystal growth. Depending on the thermodynamic stability and the chemistry of the α-quartz phases, the thermodynamic conditions are selected and the different process parameters inducing crystal growth allow the process to be classified as "classical", "solute-induced", "seed-induced" or "solvent-induced" crystal growth.
